The phase equilibria of the In-Ag-Bi and In-Ag-Sb systems were determined by differential scanning calorimetry (DSC) and electron probe microanalysis (EPMA). Thermodynamic calculations of these systems were also carried out by taking the experimental results into account. The Gibbs energies of the liquid and solid solution phases are described on the basis of the sub-regular solution model, and that of the intermetallic compounds are based on the two-sublattice model. A consistent set of thermodynamic parameters was optimized for describing the Gibbs energy of each phase, which leads to a good fit between calculated and experimental results. In addition, the surface tension and viscosity of liquid phase were calculated on the basis of the thermodynamic parameters obtained in the present assessment.
Introduction
Pb-Sn alloys are the most widely used soldering alloys in electronic packaging due to their relatively low cost and excellent mechanical, physical and chemical properties. However, the development of Pb-free solders has become an important goal for electronic industries due to the environmental and health concerns about lead usage. [1] [2] [3] Compared with the potential Sn-base Pb-free solders, the Inbase solders have been shown to possess certain desirable characteristic properties such as wettability, lower melting point and longer fatigue life. 4, 5) Therefore, efforts have been made to develop In-base Pb-free solders for replacing the existing Pb-37 mass%Sn solder. 6, 7) Many investigations have indicated that the needed Pb-free solders are likely to be multi-component alloys, which requires the use of alloy design in the development of Pb-free soldering alloys. The CALPHAD (Calculation of Phase Diagrams) method has been recognized as an effective tool for alloy design and widely used in the development of new materials. 8) Using this method, the present authors have developed a thermodynamic database including eight elements, namely, Ag, Au, Bi, Cu, In, Sn, Sb, Zn, and Pb. [9] [10] [11] This database provides much information, including not only stable and metastable phase equilibria, but also physical properties such as surface tension and viscosity of the liquid phase. Since the In-base alloys are promising candidates for Pb-free solders, thermodynamic assessments of the In-Ag-Bi and In-Ag-Sb systems are required for the accurate predication of melting temperature, phase equilibria, physical properties of the liquid phase, etc. Recently, the present authors have experimentally reinvestigated the phase equilibria of the Ag-In system and carried out the thermodynamic assessment of this system. 12) However, no detailed information on the phase equilibria and thermodynamic properties of the In-Ag-Bi and In-Ag-Sb ternary systems has been reported, except for a thermodynamic study of the In-Ag-Bi system using the e.m.f. technique 13) and the experimental determination of a vertical section in the In-Ag-Sb system on the basis of thermal analysis and metallography.
14)
The purpose of the present paper is to investigate experimentally the phase equilibria in the In-Ag-Bi and InAg-Sb systems and to carry out thermodynamic assessments by taking the experimental data into account by using the CALPHAD method. Furthermore, the calculations of the surface tension and viscosity of the liquid phase based on the parameters assessed in the present work were also conducted.
Experimental Procedure
Ternary In-Ag-Bi and In-Ag-Sb alloys were prepared using pure Ag (99.9%), In (99.9%), Bi (99.9%) and Sb (99.9%) in quartz tubes under an argon atmosphere by heating over 1000 C for 1 hour. The equilibrium treatments for determining the isothermal sections were carried out at 200, 300 and 400 C for the In-Ag-Bi alloys and 350 and 400 C for the In-Ag-Sb alloys. The microstructures of specimens were examined by optical microscopy after heattreatment. A solution (H 2 O:28%NH 3 :H 2 O 2 =1:1:1) was used as the etchant for metallographic examination.
The equilibrium compositions of specimens with two-or three-phase microstructures were determined by electron probe microanalysis (EPMA). The liquidus lines and phase transformation temperatures of the vertical section at 50 mass% Ag in the In-Ag-Bi system and the vertical section (Ag:In (mass%)=1:1) in the In-Ag-Sb system were determined by differential scanning calorimetry (DSC) with heating and cooling rates of 5 C/min.
Thermodynamic Models

Calculation of phase equilibria
The compounds in each binary system are described by the sublattice model, 15) and the solubilities of third element in these compounds are ignored. Other solution phases such as liquid, fcc, hcp, , and (In) phases are described by the subregular solution model. The Gibbs energies of these solution phases in the Sn-Ag-X ternary system are represented with the Redlich-Kister formula 16) as follows:
where 0 G i is the Gibbs energy of pure component i in the respective reference state, x i is the mole fraction of component i, and L ij and L ijk are the temperature-and composition-dependent interaction energy in binary and ternary systems, respectively. The Gibbs energy of pure component i in its different phase states is taken from the SGTE database. 17) 3.2 Calculation of surface tension and viscosity of liquid phase The surface tension of the liquid alloys are calculated based on Butler's model. 18) According to this model, the surface tension in A-B binary liquid alloy is expressed as follows:
where R is the gas constant, T is the temperature, i is the surface tension of the liquid for pure element i, S i is the molar surface area in a monolayer of the liquid phase for pure element i, which can be obtained from
where N 0 is Avogadro's number, and V i is the molar volume of the liquid for pure element i. The excess term in the surface phase,
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where and i are the densities of liquid alloy and pure component i, respectively. M and M i are atomic weights of the liquid alloy and pure component I, respectively. h is Planck's constant. N 0 is Avogadro's number. ÁG Ã is the Gibbs energy of activation for viscosity, which can be expressed in a multi-component system as follows.
where ÁG Ã i is the Gibbs energy of activation of pure component i and E GðT; x B Þ is the excess energy of alloy in the liquid phase, which can also be obtained from the thermodynamic database.
Experimental Results
The typical microstructures of the In-50Ag-25Bi (mass%) alloy treated at 400 C and the In-40Ag-20Sb (mass%) alloy at 350 C are shown in Fig. 1 , in which the two-phase microstructures of the (hcp)+liquid and (hcp)+InSb compound are distinctly observed, respectively. The equilibrium compositions at 200, 300 and 400 C in the In-Ag-Bi system and those at 350 and 400 C in the In-Ag-Sb system determined by EPMA are summarized in Table 1 . The experimental results indicate that there are no ternary compounds in either system, and there are very small solubilities of Bi in the hcp phase and of Ag in the InSb compound in the In-Ag-Bi and In-Ag-Sb systems, respectively. In addition, the (hcp) phase continuously exists from the Ag-In side to the Ag-Sb side in the In-Ag-Sb system.
Thermodynamic Description of Phase Equilibria
Calculation of binary system
The phase diagram of the Ag-In system was evaluated by Baren, 21) and was thermodynamically assessed by Korhonen and Kivilahti on the basis of previous experimental data. 22) More recently, however, the present authors 12) have found that the region of the (hcp) phase is larger than that previously reported, 21) and a critical thermodynamic assessment was carried out based on the new experimental data.
A detailed review of the experimental data and thermodynamic assessment of the phase diagram in the Bi-In system Thermodynamic
were made by Chevalier. 23) However, it was found that the (In) solid solution is stable at the Bi-rich portion in the temperature range from 100 to 125 C based on Chevalier's parameters, which is obviously unreasonable although there is no direct experimental information. A modification of the parameters was carried out by the present authors 24) Evaluation of the thermodynamic properties in the Ag-Bi system was preformed by Karakaya and Thompson, 25) and a thermodynamic description of this binary system was conducted by Kattner and Boettinger. 26) Recently Ohtani et al. reported a set of the parameters, including the matastable phases hcp and Ag 3 Sn, on the basis of the thermodynamic assessment of the Sn-Ag-Bi ternary system. 27) In the present work, the thermodynamic parameters of the sub-binary systems are taken from those of Ag-In, 12) In-Bi, 24) Ag-Bi, 26, 27) In-Sb 28) and Ag-Sb 29) binary systems as listed in Table 1 . The calculated phase diagrams are presented in Figs. 2 and 3.
Optimizations of ternary system
Based on the present and previous experimental data, the thermodynamic parameters were evaluated using ThermoCalc software, which was originally developed by Sundman et al. 30) The assessed parameters in the In-Ag-Bi and In-AgSb systems are listed in Table 2 .
In the In-Ag-Bi ternary system, the thermodynamic 13)
The calculated isothermal sections at 200 C and 300 C are shown in Fig. 5 . The experimental data and calculated results indicate almost no solubility of Bi in the hcp phase and Ag 2 In compound. Figure 6 shows the calculated vertical section diagram at 50 mass%Ag, which indicates that the temperature range of the liquid+hcp and liquid+fcc two-phase regions is about 300 C, which may be a larger interval of temperature for the soldering materials because the microstructure is easily coarsened during the soldering process. From Figs. 5-6 , it is seen that good agreement was obtained between calculated and experimental data. The calculated liquidus surface is shown in Fig. 7 , where there are five peritectic reactions and three eutectic reactions in this system, as summarized in Table 3 .
In the In-Ag-Sb ternary system, the parameters of the liquid and fcc phases were optimized by taking the liquidus line into account because no experimental thermodynamic data are available. Figure 8 shows the calculated isothermal sections at 350 and 400 C compared with the present experimental data. It is seen that the hcp phase continually exists from the In-Ag side to the Ag-Sb side. Good agreements are also obtained in the calculated vertical sections (InSb-Ag and AgIn-Sb) compared with the experimental data as shown in Fig. 9 . The calculated liquidus surface is shown in Fig. 10 , where there are three peritectic reactions and two eutectic reactions in this system, as listed in Table 3 .
Estimation of Surface Tension and Viscosity
By combining the assessed parameters of the liquid phase Thermodynamic Calculations of Phase Equilibria, Surface Tension and Viscosity in the In-Ag-X (X=Bi, Sb) Systemwith Butler's model, 18) the calculated surface tension of the liquid phase in each binary system at 800 C is shown in Fig. 11 , where the surface tension in the Ag-In system is higher than those in other systems. The relationship between the surface and bulk compositions is also calculated as shown in Fig. 12 . It can be seen that there is surface segregation of Bi, Sb, In, Sb and Bi in the Ag-Bi, Ag-Sb, Ag-In, In-Sb and In-Bi liquid alloys, respectively. The calculated surface tensions for the In-Ag-Bi and In-Ag-Sb systems at 800 C are presented in Fig. 13 . It is seen that the surface tensions increase with the increase of the melting temperature of the liquid alloys. Figure 14 shows the calculated viscosity of the liquid phase at 800 C in the binary systems, in which the viscosity in the Ag-Bi system is higher than those in the other systems. The calculated viscosities for the In-Ag-Bi and In-Ag-Sb systems at 800 C are presented in Fig. 15 , which indicated that there is a minimum value of the viscosity for the eutectic alloy in the In-Bi system. 
Summary
The phase equilibria in the In-Ag-Bi and In-Ag-Sb systems were experimentally determined, and thermodynamic assessments of both systems were carried out on the basis of the experimental data on the phase boundaries and thermodynamic data. The thermodynamic parameters for describing Gibbs energy of the liquid phase were obtained in order to fit the experimental data. Furthermore, based on the parameters assessed by the present work., the surface tension and viscosity of the liquid phase were also estimated by combining Bulter's and Seetharaman's models, respectively.
